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ABSTRACT

Bone mineral measurements before and afier space missions have shown
that weightlessness greatly accelerates bone demineralization. Bone mineral
losses as high as 1 to 3% per month have been reported. Highly precise
instrumentation is required to monitor this loss and thereby test the efficacy
of treatment. During the last year, a significant improvement has been made
in Dual-Photon Absorptiometry by replacing the radioactive source with  an
x-ray tube. Advantages of this system include: better precision, lower patient
dose, better spacial resolution, and shorter scan times. The high precision and
low radiation dose of this technique will allow detection of bone mineral
changes of less than 1% with measurements conducted directly at the sites of
interest. This will allow the required bone mineral studies to be completed in
a shorter time and with greater confidence.

INTRODUCTION

It is well known that weight bearing bones demineralize if not subjected
to mechanical stress. While the mechanism of this bone loss is not understood,
it is clear that the reduced bone mineral density impairs the mechanical
integrity of the skeletal system and may result in bone fractures. X-ray
evidence of this demineralization is present at about 12 weeks in patients
immobilized by major fractures or paralysis. Manned space flights have
shown that extended periods of weightlessness have a similar effect. In US
space flights lasting as long as 3 months, loss of bone mineral has not impaired
the functional capabilities of astronauts. However, the prospect of extended
and repeated flights requires additional bone mineral research to protect the
health and insure the performance of space crews.

During the last year, a significant improvement has been made made in
Dual Photon Absorptiometry bone mineral measurement by replacing the
radioactive source with an x-ray tube. Many factors motivate this change.
The greater output flux of the x-ray tube permits shorter scan times and
better precision. The smaller focal spot permits better beam collimation
which results in better spatial resolution and lower patient dose. In addition,
elimination of the radioactive material simplifies licensing and  eliminates the
need for yearly source replacement. These developments have been
commercialized to monitor bone disorders in the general public. This paper
discusses the operating principles of this new instrumentation and how it can
be applied to manned space flight.

BONE DEMINERALIZATION
A gradual loss of bone mineral is normal throughout adulthood. It has
been well established that bone mineral density decreases about 1% per year

with variation depending on the site examined (Krolner and Pors Nielsen,
1982; Riggs et al, 1982). Many mechanisms are responsible for accelerated
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bone loss beyond this natural ageing process. Bone demineralization is a
significant health problem for post menopausal women. In the United States,
osteoporosis affects some 15 to 20 million persons, and results in more than 1
million fractures annually. The lifetime risk of a hip fracture to a female in
the United States is about 15%, a similar risk as for breast cancer. Almost 20%
of these fracture patients die within six months, and it has been estimated that
40% of the survivors do not return to the independence of their pre-fracture
life-style.

While osteoporosis is a significant problem to the general public, it is an
even greater problem to manned space flight. Bone mineral measurements
before and after extended space missions have shown that weightlessness
greatly accelerates bone demineralization. Bone mineral losses as high as 1 to
3% per month have been measured (Anderson and Cohn, 1985). At this rate of
reduction, bone fractures could be expected in as little as 1-2 years. After
returning to a gravitational environment, this bone mineral loss is reversed
and at least some of the damage is repaired. Whether or not the bone mineral
is restored to a pre-space flight level is not clear. Measurements on the Skylab
astronauts five years after their flights were lowe than before the flights and
lower than in controls (Tilton et al, 1980).

DUAL PHOTON ABSORPTIOMETRY

Drug, diet, and exercise therapies have been suggested to reduce bone loss.
A critical part of any therapy program will be the ability to make highly
precise bone mineral measurements. Precision, or the ability to make
repeatable measurements, is necessary to detect the small changes in bone
mineral that occur over a short period of time. In past experiments, the
imprecise measurements techniques have yielded error bars nearly as large as
the results trying to be measured. The recently developed technique of X-Ray
Dual-Photon Absorptiometry (DPA) has been demonstrated to provide better
than 1% precision on measurements of the spine and the hip. These are the
preferred measurement sites because they are the most common sites to be
fractured as a result of low bone mineral content.

Single Photon Absorptiometry (SPA), the predecessor of DPA, measures
bone mineral content by passing a monochromatic beam of gamma rays
through the patient. The measured gamma ray attenuation can then be related
to the amount of bone mineral that the beam asses through. The significant
problem with SPA is that there is no effective way of separating attenuation
due to bone from attenuation due to soft tissue. This leads to errors in
accuracy and precision.

Dual Photon Absorptiometry was developed to better separate  tissue from
bone. The instrumentation is similar to SPA, except a radionuclide is used that
emits photons at two distinct energy levels. The most commonly used
radioisotope is Gadolinium-153, which emits a group of gamma rays at about 44
Kev and another group at about 100 Kev. Bone attenuates the lower energy
photons much more than the higher energy ones. Soft tissue, on the other
hand, attenuates both energy levels about an equal amount. This differential
attenuation allows the separation of bone from soft issue. Two equations can
be written using the measured attenuation at the two energies. From these
two equations, the two unknowns can be found, namely the amount of soft
tissue and the amount of bone mineral.

Several methods have been suggested as to how to use an x-ray tube to
perform DPA. One approach is to shape the x-ray spectrum by use of a rare

222



earth filter. The beam exiting an x-ray tube contains x-rays of widely varying
energies. Fig. 1. shows the spectrum of two x-ray beams after passing

through filters containing rare earth elements. The high absorption of the
rare earth K-edges have removed x-rays with energies near the center of the
spectrum. This results in two clearly defined energy peaks. These two energy
peaks can then be used in the same manner as the radionuclide scanners
which use the two energy peaks of Gadolinium-153. The broken line in Fig. 1.
was obtained for a Samarium filter at 90 KV x-ray tube operation, while the
unbroken line is fo Cerium at 80 KV. These two sets of operating parameters
have both been used in DPA systems.

SYSTEM PERFORMANCE

In 1988, Lunar Radiation completed development of the Dual Photon X-ray
(DPX) system. The DPX system is capable of whole body bone mineral scans as
well as localized scans such as the spine and hip. Spine scans take
approximately 4 minutes and require 1 mR patient dose. Spacial resolution is
approximately 2 mm.

Several thousand scans on spine phantoms have shown a DPX- precision of
about 0.5%. Monte Carlo simulations have shown that this precision is limited
by quantum statistics of the detected x- rays, implying that better precision
can not be obtained without increasing the radiation dose. Several in vivo
spine studies have been completed on the DPX. As shown in Fig. 2, a normal 25
year old male volunteer was scanned daily over a period of 3 weeks. The
measured precision of this study is 0.8%, which is typical of other in vivo
studies conducted. It should be noted that no drift is observable in the data
over the three week measurement period. It should also be noted that the
radiation dose received by the volunteer for the entire study was no more than
for a standard chest x-ray. This combination of high precision and low dose
allows repetitive measurements to detect bone mineral changes as low as 1
percent.

CONCLUSION

The fundamental processes of bone demineralization during
weightlessness are poorly understood. Additional studies are required to
insure the health and effectiveness of space flight crews. X-ray
instrumentation developed during the last year has significantly improved the
ability to measure bone mineral, and the resulting integrity of the skeletal
system. The high precision and low radiation dose of this technique allows
detection of bone mineral changes of less than 1% with examinations
conducted directly at the anatomic sites of interest. This will allow the
required bone mineral studies to be completed in a shorter time and with
greater confidence.
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ALTERNATIVE

SECTION H-H
Z:

..........

SWITCHING PANEL

FRONT PANEL MOUNTING PLANE

' EXP. POWER

Dimensions in mm
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CONCLUSIONS/CLOSING REMARKS

Robert S. Bandurski and Paul Todd

This conference marks a watershed between the period when space was being tested for safety and
the new period in which space is regarded as an important adjunct to our studies of biological, physical,
and chemical phenomena. It was implicit in the numerous presentations and discussions that there will
be increasingly frequent opportunities for experimentation in space, that generic hardware will facilitate
the performance of space experiments, and that there will be commercial utility to space. Most
importantly, there was a melding of physical and biological knowledge and an emphasis on how the
weak forces of gravity are able to affect organisms composed of covalent and non-covalently bonded
molecules.

It was correctly observed during the conference that it is the life forms that have developed, evolved,
and grown on earth that constitute the 1-g experiment. The micro-g, and fractional-g controls attainable
in space have, in general, rarely been done. We are now ready to study the micro-g controls and, for the
first time, to understand the effects of 1-g.

This conference has convinced us that complex biological systems will greatly contribute to our
knowledge of the physics of gravity.
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CONFERENCE DEDICATIONS

Professor George Nace

(Provided by Kenneth Souza)

George Nace was born in 1920 in Cogsville, Pennsylvania. His parents were missionaries in Japan
where, in his early childhood, he developed fluency in Japanese. During the second World War he was
actively engaged for 2-3 years as an interpreter with the occupation forces where his fluency in Japanese
was valuable. After his early years in Japan he came back to the United States, where he attended Reed
College in Oregon and earned a degree in Biology. He then went to UCLA and obtained his masters and
doctoral degrees in Zoology. Following a few years doing post-doctoral work, he joined the staff at the
University of Michigan in 1957, where he remained until 1984 when he retired as Professor Emeritus.
He died in 1987.

It was during his tenure at University of Michigan, that I first became acquainted with him and his
involvement in the frog rearing and culturing activities. He was a great proponent of ecological studies
of amphibia and an expert in their nurturing and rearing in the laboratory. By carefully controlling the
environment in which the amphibia were reared, Professor Nace could guarantee the quality of speci-
mens for the investigator. When Rana pipiens became difficult to obtain because of over-collection
during the 1960’s and 70’s, he became a supplier in every sense of the word. He founded his own
company and had facilities where he developed a feeding technique which enabled him to raise Rana
pipiens through metamorphosis to the adult stage. A 1985 issue of Science magazine featured Professor
Nace and described his forte: the culture and rearing of a wide variety of “designer” amphibia or
genetically-marked strains.

In 1978 Professor Nace joined with John Tremor, Muriel Ross and me to develop the Frog
Embryology Experiment now scheduled to fly on Spacelab J. While he remained a member of the Frog
Embryology experiment his primary focus was on teachin g, particularly in teaching students to convey
the message that amphibia could be raised in the laboratory setting. Some of his students returned to
Korea and Japan where, as a consequence, he came to be a recognized and respected expert in amphib-
ian biology. Over the past two decades Professor Nace served on a variety of NASA advisory commit-
tees and working groups. He was one of the first space biologists to recognize the need to include physi-
cists in the analysis of microgravity experiments. It was during collaboration with a few physicists at the
University of Michigan that Professor Nace developed what he called the torsional model of gravita-
tional effects on the cell. The subject and focus of this event is a tribute to some of the insights and ideas
of Professor Nace. I am pleased to dedicate this conference to him.
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Professor Per F. Scholander

(Provided by Robert S. Bandurski)

The Cells in Space Conference deals with the most exciting voyage on which humans have yet
embarked -- the voyage into space. Thus, it is singularly appropriate that this conference be dedicated to
Professor Per F. (Pete) Scholander -- a pathfinder of the first order. He knew that opportunities to under-
stand life processes lie at the fringes of our environment--where living creatures face extremes of cold
and heat, of wet and dry, of salty and salt free. He realized that it was at these extremes that life would
most vividly reveal its secrets. Of all scientists he would have shared our excitement at the prospects of
this journey into space.

Scholander was Professor Emertius of Physiology and the first Director of Scripp’s Physiological
Research Laboratory. He was born in Orebo, Sweden on November 29, 1905, and moved to Norway at
an early age. He received his Doctorate in Medicine from the University of Oslo, Norway, in 1932 and
the Doctorum Honoris Causa from Uppsala in 1977. He was elected to the National Academy of
Sciences and the American Philosophical Society. He died on June 13, 1980, in La Jolla, a suburb of San
Diego, California, at the age of 74.

Scholander had many research accomplishments usually characterized by the use of extraordinarily
simple equipment, often built by himself, and capable of use in the extreme environments of the field.
These included the Wick Technique for measurement of fluid pressures in animals and the Pressure
Bomb for measuring solute osmotic pressures in plants. He was fascinated by the problem of getting
water to the top of tall trees and, in this connection, used a rifle to shoot down branches from 100-meter-
tall trees so their osmotic pressures might be measured. He investigated blood circulation and respiratory
problems in diving animals, particularly the physiological mechanisms which act to prevent oxygen
deficiency in brain tissue. He studied bradycardia, the cutting off of peripheral circulation, which devel-
oped in mammals upon submersion in water, or in fish upon removal from water. He studied climatic
adaptations in arctic and tropical animals and the dynamics of negative tissue-fluid pressures in animals.
He advanced the idea that an anti-free substance is present in fish living in polar waters and was among
the first to analyze the composition of gas bubbles in glacial ice to determine atmospheric conditions in
ancient times.

Professor Scholander was responsible for obtaining funds from the National Science Foundation for
building and operating the Alpha Helix--the world’s first floating physiological biochemistry laboratory.
The Alpha Helix, in addition to well-equipped laboratories, had an ice breaking prow and the stern of a
Norwegian Whaler to carry scientists to the extremes of the world’s climatic conditions.

How fitting that we should also dedicate this conference to Professor Scholander. We hope that
memories of his vision will accompany us into the environs of space.
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ATTACHMENT A

CELLS IN SPACE-II
CONFERENCE PARTICIPANTS

Dr. Rodney Ballard
NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-6748

Dr. Robert Bandurski
Department of Botany
Michigan State University
East Lansing, MI 48824
(517) 355-4685/6589
FAX (517)353-1926

Dr. Thomas Bjorkman
Department of Botany

KB-15 University of Washington
Seattle, WA 98195

(206) 543-3944

Dr. Allan Brown

Gravitational Plant Physiology Lab
3401 Market Street

Suite 350

Philadelphia, PA 19104
(215)898-4908

Dr. Carlo Bruschi
Biotechnology Laboratory
East Carolina University
School of Medicine .
Greenville, NC 27585-4354
(919) 551-3131

Dr. Paul X. Callahan
NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-6046

David K. Chapman

Gravitational Plant Physiology Lab
3401 Market Street

Suite 350

Philadelphia, PA 19104
(215)898-4908

Dr. Leonard Cipriano
LESC

Ames Research Center
Mail Stop N240A-4
P.O. Box 168

Moffett Field, CA 94035
(415) 694-6820

Dr. Donald Clifford

McDonnell Douglas Astronautics
P.O. Box 516

Bldg. 101A, Level 3, Room 340E
St. Louis, MO 63166

(314) 232-2896

Dr. Augusto Cogoli
Institute of Biotechnology
ETH-Honggerberg

Ch 8093-Zurich
411-372-3683

FAX 411-372-0974

Dr. Gary W. Conrad

Bioserve Research Program - Ackert Hall

Kansas State University
Manhattan, KS 66506
(916)532-6662
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Dr. Daniel Cosgrove

Dept. of Biology, 202 Buckhout Lab.
Pennsylvania State University
University Park, PA 16802

(814) 863-3892

Dr. Michael Cronin

Genentech, Inc.

460 Point San Bruno Blvd.
South San Francisco, CA 94080
(415)266-1920

Dr. Stanley B. Curtis
Lawrence/Berkeley Laboratory
M/S 29-100

Berkeley, CA 94720

(415) 486-6389

Bonnie Dalton

NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-6188

Dr. Daniel Deaver

Asst. Professor, Animal
Science/Physiology

103 Dairy Breeding Research Center
Pennsylvania State University
University Park, PA 16802

Mark Deuser

Space Hardware Optimization Technology
P.O. Box 351

Floyd Knobs, IN 47119

(812) 923-9591

Dr. Jackie Duke

Dental Science Institute/Un. Texas
P.O. Box 20068, Dental Branch
Houston, TX 77225

(713) 792-4161
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Dr. Eric Dunlop

Dept. of Chemical Eng.
Colorado State University
Fort Collins, CO 80523
(303) 491-6967

Dr. Wllliam Elmer
Biology Department
1555 Pierce Drive
Emory University
Atlanta, GA 30322
(404) 727-4210

Dr. Tom Fast

Santa Clara University
NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-6583

Dr. George W. Fortner

Bioserve Research Program, Ackert Hall
Kansas State University

Manhattan, KS 66506

(913)532-6624

Dr. John Frangos

Department of Chemical Engineering
Pennsylvania State University
University Park, PA 16802

(814) 863-4812

Dr. Wayne Gonzalez

Lockheed Missiles and Space Co.
6270 Gunter Way

San Jose, CA 95123

(408) 756-5686

Dr. Alan Greenberg
Engineering Center
Campus Box 427
University of Colorado
Boulder, CO 80309



Dr. Raphael Gruener
University of Arizona
College of Medicine
Dept. of Physiology
Tucson, AZ 85724
(602)626-6519

Shirley Guilbert

LESC

Ames Research Center
Mailstop N240A-4

P.O. Box 168

Moffett Field, CA 94035
(415) 694-6579

Dr. Roy Hammerstedt
Professor of Biochemistry
406 Althouse Lab
Pennsylvania State University
University Park, PA 16802

Dr. A. Tyl Hewitt
Wilmer Ophthalmological Institute

John Hopkins University and Hosp.

601 N. Broadway
Baltimore, MD 21205
(301) 955-7590

Dr. William Hinds
LESC

Ames Research Center
Mailstop N240A-4

P.O. Box 168

Moffett Field, CA 94035
(415) 694-6814

Robert Hogan

NASA/Ames Research Center
Mail Stop N240A-3

Moffett Fleld, CA 94035
(415)694-5248
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Dr. Wesley Hymer

Dept. Molecular and Cellular Biology
Pennsylvania State University

401 Althouse

University Park, PA 16802

(814) 865-9182

Dr. Gary Jahns

NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-6595

Dr. John Kessler
Department of Physics
University of Arizona
Tucson, AZ 85721
(602)621-2797/6820/6800
(602)299-6522

Dr. Abraham Krikorian
Biochemistry Department
SUNY

Stony Brook, NY 11794
(516) 632-8568

Charles C. Kubokawa
NASA/Ames Research Center
Mail Stop N244-5

Moffett Field, CA 94035
(415) 694-5554

Ulrich Kuebler
Bionetics

Ames Research Center
M/S 240-9

Moffett Field, CA 94035

Joellen Lashbrook
NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415) 694-5682



Dr. Charles W. Lloyd
Health Maintenance Facility
Subsystem Management
Krug International
Houston, TX

Dr. Marvin Luttges
Bioserve Research Program
University of Colorado
Campus Box 429

Boulder, CO 80309

(303) 492-7613 or 7713

Richard Mains

Mains Associates
2039 Shattuck Avenue
Suite 402

Berkeley, CA 94704
(415)548-1261

Dr. Andrea M. Mastro

Professor of Microbiology & Cell Biology
431 S. Frear

Penn State University

University Park, PA 16802

Rich McKenna

LESC

Ames Research Center
P.O. Box 168

Moffett Field, CA 94035
(415) 694-6797

Laurance Milov

External Relations Office
NASA/Ames Research Center
Mail Stop N223-3

Moffett Field, CA 94035

Helene Najduk

External Relations Office
NASA/Ames Research Center
Mail Stop N223-3

Moffett Field, CA 94035
415-694-4034

Dr. Arthur J. Olson
Research Institute of Scripps Clinic
10666 N. Toy Pines Road
LaJolla, CA 90237
(619)554-9702

Dr. Delbert Philpott
NASA

Ames Research Center
M/S 239-14

Moffett Fleld, CA 94035

Yvonne Russell
Russmark, Inc.

602 Stendahl Lane
Cupertino, CA 95014
(408)252-8316

Dr. Ron Schaefer

LESC

Ames Research Center
Mail Stop N240A-4
Moffett Field, CA 94035
(415)694-4438

Teri Schnepp

Lockheed Missiles and Space Co.
M/S 0-53-51

Building 580

Sunnyvale, CA 94088

(408) 756-5940

(408) 742-6139

Dr. P. K. Seshan

Jet Propulsion Laboratory
Mail Stop 125-112

4800 Oak Grove Drive
Pasadena, CA 91109
(818) 354-7215

Dr. Jean D. Sibonga
Mains Associates
1076 College Avenue
Palo Alto, CA 94306
(415) 493-9441



Dr. Steven Smith
Future Research
4310 South Main St.
Murray, UT 84107
(801) 268-8832

Dr. Karam F. A. Soliman
Dept. of Pharmacology
Rm. 104, Dyson Building
Florida A & M University
Tallahassee, FL. 32307
(904)599-3306

Dr. Michael Solursh
Department of Zoology
University of lowa
Iowa City, IA 52242
(319) 335-1058

Dr. Gerald Sonnenfeld

Dept. of Microbiology & Immunology
University of Louisville School of

Medicine

Health Sci Center
Louisville, KY 40292
(502) 588-6323

Kenneth Souza

NASA/Ames Research Center

Mail Stop N240A-3
Moffett Field, CA 94035
(415) 694-5736

Dr. Barry Taylor

Loma Linda Medical School
School of Medicine
Department of Microbiology
Loma Linda, CA 92350
(714)824-4480
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Dr. Paul Todd

National Institute of Standards &
Technology

Center for Chemical Engineering 583.10
325 Broadway

Boulder, CO 80303

(303)497-5563

Dr. John Tremor

LESC

Ames Research Center
Mail Stop N240A-4
P.O. Box 168

Moffett Field, CA 94035
(415)694-6820

Dr. Steve J. Upton
Bioserve Research Program
Kansas State University
Manhattan, KS 66506

John Vellinger

Space Hardware Optimization Technology
922 Rochester Street

Lafayette, IN 47905

(317)474-4986

Dr. Howard Wachtel
Engineering Center
Campus Box 425
University of Colorado
Boulder, CO 80309

Dr. Lynn Wiley

California Primate Research Center
University of California

Davis, CA 95616

(916)752-8421

Dr. Charles Winget
NASA/Ames Research Center
Mail Stop N240A-3

Moffett Field, CA 94035
(415)694-5753






ATTACHMENT B

CELL RESEARCH EXPERIMENTS
(FLOWN/PLANNED)

1. Plant/Animal Cell Cultures
2. Oocyte/Embryo Development

3. Microorganisms

The following tables provide a recent collection of space cell research experiments
that have flown, or are planned. The experiments were obtained from a selected literature
search and are divided into three groups: Plant/Animal Cell Cultures, Oocyte/Embryo
Development, and Microorganisms.

Information provided in the tables includes: the name of the experiment, the mission
on which it was flown/planned and the year, a brief description of the flight hardware,
and a reference source (see Attachment D). In addition, the table for Plants/Animal Cell
Cultures provides the organism used for the culture. The experiments are arranged in
ascending order according to the date of the mission and each has been assigned a
number for references purposes.

Several experiments refer the reader to the Cell Research Flight Hardware
descriptions in Attachment C (obtained from references in Attachment D).

PRECED NG FaGe BLANS BT FILMED

297



1 @beg

RIGWED i)
-5 uopow wwig| eidepe BleWed
8d0os0 P '@doIsOIONL $16Z00M]
6vt d (L) "sdjjs J6A0O 'topjjs 8G00QIW "S|BIA {€L) ¥ '€ QBIANS {eapoj]) poam 81EM Bujwees dwsedolls| €LY
(8€-IM) sii8 i
122 " (2] | usioBS SIEMPIEH 885 "6 J8IBPUBM UMEBIPOOM T6Z) € qejlng| bunj Suokique uewnH BuAl U0 ©0eZ jo SB[ 2LV
T1Z2-%NA uieas) leis
2£-9¢ dd (s} ©Ruoo dwe; snieiedde uuelolg [0Z.) B89€ sOWS0y| -Wey UBUAG Wo)j $|i8) Juuelog, Ul ymoso |iedf LIy
Ze-9¢ dd (5) (89.) spuoz sen) ey Wbyeoeds o1 emsodx3| 0LV
$I10j0WISOp 1OIS ISl
uopnjos JueINU i siued 2g proy ol PeNQIO siueld epuedsepel]
25t d (1) onseld suejidosdAiod 0 sbwod 1dx3 {£9.) 1 iesog efueosepel] Wweid 10 sepniS {BooiqoPe | 6Y
SsE0 eI0dsoNeN
$pOI J8lBlUIsop "18pioy (99, pue SaA00NNe] UBWN} Lo
551 d 1) SidUIes-poo|q "WNnje 'ednos Jdee 5911 'C Mwen| Wwswebioonjy ‘UewnH|  $10643 9-0167 pue vogelped| 8Y
/e-9c dd (s) {59.) 2-pPOWisOA annd ejeH Whyededs ol emsodx3| LV
/€-9¢ dd (G) (19,) 2 YOISOA anynd EjeH wiyyeoeds o) emnsodx3| 9V
7€-9¢ dd (s) {19,) DIOISOA send ejeH Wbjjeoeds ol ensodx3| Sy
le-9t dd {s) (19.) £ wwundg seimin) CeH T Wbyjeoedg o) ensodx3| WV
7€-9¢ dd (G) (19.) 9 ¥ounds sexyn) eleH 1yeoeds 6} ansodx3| €V
/£-9€ dd (g} {09.) ¥ wwindg sainyn) ejeH WByjeoeds oi ensodx3| 2v
seye|d yoeJ) Jespnu
wy) ¥ eyed deis | siod euluee
Bunped) weoj euskeyieljod Tso\ns
Wiy 255 sies ejpeeu ssed "jioj
PIOD s1810WIS0P Weyd Hped wiy onssll OAIQUIe UBNIWD
UoRNeuU 'sjiun ‘bujes ‘wnies 8si0y {09.} - s|jed uewn| bunn uo
izt d ) %01 'UORNOS ljes "sejndwe $selo IIAX 1818A008I(] yBiJ eoeds jo sioej3 eyl| v
‘434 IHYMAUVH Q3INNVId/NMOS WSINVOHO ANINIY3dX3 *

samin) [[2) fewiuyAueld ‘1

298



2 ebeg

‘E® ¥2 €2 2¢ }¢ uonoes 18A8] “PNASENN ey 18
6iempleH 8ag 'Sieulejucd JusLIedxe | edA] uofjezuejod ||@5 uvelewweyy
S01 "d [p}['wnipeyy "sebuiiAs sxse|q eiming j18) "uy poojg {s8.} 1-Q qejeoeds $iied ewseld jeuiuew uo Ayaesb moj jo svey3 ey
SSOUSSB{IL|DIOM U] 8)180
Ssvl "d {¢] (€8] 8-S1S sl Keynyd ey {0 uofeiedes jo Xouepw3| L2y
08 d "eieMpIEY 16 $oid syseueBoydion eiminy
2§ "9 {8) VVN SujwelA ‘es0.0ns "s|jes jo Wnypadi jeseg {64) 6211 sowso) onssL) ous) o sepns| 02y
MO J0WN |
L5 'd g} (64.) 6211 sowso) e UM0ID Joure) jo sepmS| 6ly
§{180 esnow $aINyNY 199 vejeuuER
6 d () {62} 6211 sowso) 2 Jejswey eseulyd 10 seipnis fedibojaAol g1y
{uodes jeuly ui esmod] spopuEs ¢
-sejoy Jie g} sdes- pue Aoje wnuy
-wnje pezipoue g ‘saysip jed onseld
(VAN 6)) $i8ISed pennsuod Ajjeeds (52.) 287 souisoy |80 Jejod
-0} 104180 peinjng einn) enssi| ouej| /1y
(1des |eutd ui so\d] sejoy Jie g}
yum sped ey ‘sded wnuiuinje
PBZIpOUE paUROrW 2 SBYSIP poly
k{85010 £ J0 ¥oels e jo Busisuoo SYSIP
e 'd {9) '$181SULD 5)jA10F peuoew Ajleneds (S]] 28 sowsoy 1011ed uo pedojaaep
siown] b umoi) 1dx3 ymols iownj jouel[ gy
$6pIIs uojLesy)
ejdwes g "sulWwNjod 1dxe
8 #0821} J1uebodp e (52.) weloigise) s8jloosylie esioy LLOYN
L6'd (i) e "jun sisesoydondeie ZnAoS-ojjody ¥ 1qqes 'uewny ‘Yo siseoydonde3igly
seliooiyilie
1qQel pue vewny -
JO BINIXIU € pUE S8
-jew se sallooiglie
uBwny jo uogippe
Seposide(3 ‘seied buiooo g jo (52) weloig 1se] Yum sjjeo epou Aydwi| YLOVIN
L d 1) builsisuco Jequieyd uoneledes znkog-ojjody| ‘ueejds 'mOLEI 8uoq Je) Wewunedx3 siseoudondd gl vy
‘434 JHYMAQHVH G3INNVId/NMOTS NSINVOHO AINIWIH3dXT [d

(Penunuo)) saxmin (3D reunuy/ueld ‘|

299



¢ ebed

einn) Ul 5|80

1 UOnRdesS SeNnssi} pue §||8d uel| uejelllueyy Ul sjuswe|y
oe d (v1) aieMpieH 865 (]31) Jolegnouy) dLID8|eolssy ] 116.) [ qefeoeds | -ewwew jo sedAl [eleres ejeIpeula] jJo wewebuenesy | ¥Zv
SOAl $1568104d0J106|3 MOYj8e. JO
9z d {v1) €1 uoIDes esempleH -eauep pughy neyl pue suee Aq ejjeuebiO Jeinied ]
885 (N334) Hun $1S8:0ydoiloej] moi4 eald (i6) T GQejeoeds [sied Uejjeuwiueul painiin)| pue sjiey [ewy jo uogesedes| £2V
‘43H JHYMAUVH G3NNVId/NMOTd WSINVOHO ALN3INIHIdX3 #

(papn[ou0)) SAMN [12D [BWIUVAUR] '

300



| ebeg

(ivewuedxe ue

sbbe "uej 0g - snydoIeley

€61 ‘d (6] 6q 0} pepueju| jou) wewdinbe |epeds ON {€L) € qellys snjnpung jo uewdojereq| 68
~ sbBe eyeeq 1noi -
oel ‘d (i) (2,) /1 ojjody I M¥OVISOIg| 88
~ sbbo Jeddoysseis) -
62t d (i) {2L) LI ojody I ¥OV1SOIg]| 28
si01SjWwIey) sbbe dwuys
pue siejewisop jo sedA] |eieAes 11q euug - {(3ZH) ssoi ABeue ybBiy
peyowmpues yoes |lew dibojoiq Yum 18jonu  AAeey (enpjajpuy
1ejes jo seues buiueuod Tleuje] 0o spejje |edbojolq Apn)s O}
gzt 'd (i) -Uod wnujwnje pejees AjjedsieuseH {¢L) LI 91 ojjody I ¥Ovisoig| 98
(18} oy znkog
{18} 6¢ znkog
{08.) 9c znkog “KuaeiBosdi o] pesodxe
‘Allenuew peelul sem epAyapieseinb wew {24} 9¢ znkosg soliqwe Apee ui weisks bBujsues
29 'd {01)] -dojeaep jo sebeis snouea 1y sieuieluod u siAee| (s} Z1 znkog Kuaeib ey) jo uonouny pue uoy
L2 'd (g) sndoue pue euesodwe] euey wauj sbbe padeg {02) 6-znkos -Blluessjjip - Juewdojeaep ‘qydwy| sg
siojsiwieyl ‘40 G2Zy e
3 uielutew o) byod eyl punaie euy
JUBIOOD B Jequieyd 8ANeX|-|w ¢ © sbbe euey ozt -
pue equeyd bbe jw 0| e "sieqeyd (£9.) 1| "tesoig {Boyj "g) - sbb3 Buipiwg eys vo
LeL d 1) 2 o papiaip sejnpow oylioe 9i (99.]) | 1esog sseusseliybiem jo wey3| va
‘sebeis snouea 1e eail
-exjj epAyepjeseinib yum peelul uey sbb3
29 ‘d {o1) ‘1qi0 18 O | g O pesiel uayl D ¢ Ie pey (99.)21 wiwen sbbe euey Q¢ -
c6r d (6) dwe] "siequeyd dijAide pedojersp Ajepeds v (99.) 8 Wwwen sejpnis wewdoeAsp Abojoliqu3| £g
uojinjos
8Allexi} pue eAo 'uneds Buneledes
siuewledwoo £ oW PepiAip yoee wewdojeasq pue
6cl d (1) 'siequieyd uewoeds g JO J8PURAD {69,) £ wwes uoneziiue4 BbB3 udin ees| 2g
e 'd (g} {19.) 9 wuindg sbbe spedsy - siseueboliqus
S3ON3HI4IY AHVYMAOHVH Q3INNVYI1d/NMOTS ANINIHIdXT #

Juowdoreadq of1quig/214200) *

301



2 obed

“(ebeis ejnn

~seb 1e) uopezjIe) JeyE SINOY 6 O) § NoQe

PeIINO00 sSUBWPBTS (|8 JO UojeXld "UORN|os

SI8BUIY SIN)IP YiM Wey) pepooy) Apuenbes

-qns pue sbbe pue wieds Bujxjw Jequeyd ydee

U} 5i0bund pejeApdE Ueyj JBUJEIUGO |oee L0

1055060010051 ¥ 'O &¢ Ve Joleqroul Ul pedeid

$I6QUIEYD "1iIqI0 Dujoee] 1eye sinog ¢ Ol |

IQIO [UN D L1 18 siequeyd uj peufeujew

“duie] ‘uoneneusd wieds jo 10ds ey) [oqe|

O] e1es wieds-pue ue pue '1e1em PB|Isp

TUONN|0s S18DU|Y 'eAnex|; epAyepjeiein|b

boi) pemed uediijy

wiieds 'sbbe jo ebeiols [enpIApU| 10) PeIeduqe]

sejeweb 49 - 1ybyjeoeds

v9 d (O}) siem sjuewpedwod 9 Yum sieujeiucd jepeds {s8.) 1-Q gqejededs Ul wewdoeAeq 3 uopezyues|ailg
snisneie) Pesu|
WUS - wb|jededs uj siseueb
201 d {v) {s8) 1-Q qe|dedg -oueBiO 7 siseusboAqu3isi g
v2e d (/) sbbe xuImo) 09 - (1enp der
‘961 'd {6) 101eqnou)[  {6L) 6211 sowso) u) s;seueboliqu3 jo Apnis (v i 8
wewdinbe
"Boroyd "wrup peduis Bupejos ‘Byod {5.) weloid 1581
2er d 1) jeluewnedxe byod joawod uodsuelj znkos-ojjody uopejueu pue buydleH ysiN €L 8
sbbe
"H-SSeib 9 "q Inoj} 'S euug -
TBojoisKy pue 'siseuaboydiow
"JuewdojeAsp uo seped 37+
Saje|d uoiS|PWe JE8|ONU gy 'Sieule] (SZ.) welold 1581 10 eduBNjju| 8yl Apnis 01
et d (1) “UGD wnuiwinie |edupuildo g2 'YAd Znkog-ojjody i Movisolgiera
lides jeulg ul einpid) sbeq
eusjAyieNod G yum esed plogno [sokiquwie 00G) sepnis snin
6.1 "d (9) 18GWEYD ¢ "WNuRLNe paulyoR {SL) 28. sowsoy -pun jo sebeis wewdojeAep 5|1 14
v6lL  'd (6) (cZ.) znkog-ojjody SoKIQUe 00G - ‘Aep sninpund |01 8
S3ON3HI43N AHYMAHYH| G3NNV1d/NMOd ANINIHIdXT| #

(penunuo))) Juswdo[aaa 0A3qug/a£000 T

302



¢ ebed

‘Slieiep o} spwie eznog 88 ‘D Ie

8q |jm "dwe] uoneqnou| ‘uoisuedsns wieds YIm

peaseaod sbbe pjoy wm suopnjos siebuly enyip yum

pe||} siequeyd -uolenAo ednpu| o) uidoislopeucd

Juouoyd yim peloelul eq jim sboyj eyl 'SMdO el

u} ‘(‘by ees - sjeueiew |edjbojoiq pue |edjweyd

bBuiueuoo xoqeaolb e | uoneis yom esoding

|E18UBD) 8y} O] PO1I8JSUE]] 8q IIM DJY Gejededs

8y} Ul pejedo| { by ees) yuN |ejuewuoiaul bayg

ey "ioeqnoul [epeds € oju| pepeoy (DJy) Jeujel

-uo) Boi4 ynpy -pesedeid éq os(e jm uoisuedsns

wiedS Pel|ndIp eq |(IM JIE O UiWAI 00}

UoIym ybnoiyl xoq peul-weo) dweqg 14bi) eyl

/999 "dd uo soid

Buunp uopezi|iue; Wwenbesqns pue UONEINAC 8INPUI

KiiAeIGOI0IN

s9 d {o01) 0} M8X) gejededs - sejewe) ynpe ¢ A o) peubiseq {16.) r-qejeseds u| luewdoieAep pue uoiezjues(gl g
-ANINIHIdX3 FHNLNA
‘qejededs ul J01BQNOUI Ul
Yum O o2 ol ‘dwe) bursies Xq pejeie|adoe sem
eljeJ |ejuewdojeaep eyl 'youne| Jeye sinoy / sbbe Bouj peme)D
"1600 ¥O8ppHU ejINYS eoeds & Ul peiedg) - si0)dedey AnAeiD) e1eIqQeLoA
€9 'd (ot) lojegmou) Ui O 01 le pasols sbbe pezijiuey {¢8) 1-Q qejededs eyl jo ewdjeAsq Swoliquli |1 g
S3ION3HI43Y IHYMAHYH QINNYId/NMOd ANIWIHIdX3 L

(popn[ouo))) 1wowdoeaaq 0A1qug/alfo0Q '

303



i ebeg

eSSEIO BIOJSOINaN Uo

10ls|uwseyl 'eainos JSGE 'siepjoy ejdiues

-0187 YIIM UOHBUIGUIOD) U}

Jo ejnpow 'sbuy Bujujelss snoiod

UORBIPEBY JO $S8S0(] UMOUY

09t d i) “1e18Wisop %sip 417 's10)|} esodiiin (29.) 1 vesoig 10 SSBUBAIDBY6 JUSBEIW |01 0
ae[S|IABI8D sedAwoaleydoes sisko
SJejew|Sop dwpys eupq 'dsem odjseied
pos sselb iepmod 417 "@d1nos 1SG8 - UooRIqOIqeH JO sesuodsey
set d (i) "sJeufeiuod ybyj uodeigoiqeH (£29.) I lesolg 1bojoisAyd pue |euogeiny| 69
ie d [g) {#9.) | poyxnsop ISee A - |BAJANS| 8D
e d(s) (19.] 2 %OIS0A ISE6A - [BAJAINS| /D
se 'd {(g) (19.) £ wwindg se1e0iwoulioy - {BAIMNS] 90
s¢ "d {(s) (19 9 windg 59160AWoUNdY - |BAIMNS| SO
esseld esodsoineN - AHIN
85t d (i} sajnsded Jewuedx3 (19) 1 AH3N uo suewuedx3 opeued | O
sele|d yoesl Jesonu (10}
Auowijjue "wijly eARisues uonneau ‘wji4
22S oosuy 'spoi sseib ejeydsoyd
PBIBAIIDE-IBA|IS UIWNQIE "BuluEle
Tiejewyojod supejeojoyd ukjea]
{Z1-Q) wnipew s ziey pelj eebly - swsebiQ dneyuis
99 d [1) -1IpOW 'Si0leWsop ‘weyd 'siejA ssel9| (09.) IIAX 18i8A03Si]g -oloyd Yim suewpedx3y| €d
ujwnge pue sujuee esseld eiodsoinen - yied
"llo} Auowiiue "wiy 2GS OJSUY Wil ¥oell eyl buoje Buj sjied jo
oAllIsues uonneu ‘sseib jo 1eeys uojiejndod e u| uonEeINW U|
.cX.Z & uo uosinwe Booyd Tsieljy 8SEBIOUl Ue YIMm shel JIWsod
65t d 1) elodiw "eieid xoes |eoibojoig| {09.) lIIAX ‘e18A03s1Q Kiewud jo |esieAel) ele8iio)| 25
S18S e|peeu uopeipes ejeyjuenb
"s1elewisop ‘weyd sejeid yoell 0} wejskg jexbojoig v
sioisiwieyl ‘punoib eyl Joj syun ‘Bujes {09.) 1IAX THAX :UoNEZIjiqE| 8J0dS BIPIISOID ||
61 d sejndwe ssejb "esoonb pezyeweied 18186A02S|Q - s)1dx3 KBojoiqoipeyd| 1O
S3IONIH3I43H JHYMAUVH J3INNVId/NMOTd ININIHIAXI| #

SWwSTUBSI00ION "¢

304



¢ ebed

(iseo A ¥ eebiy)

KIARID-010)§ U| 1)@ pue

96 'd (y) (68) ©-IS SIS ]|04014D JO YIMOID OIQWAS /LD
SAOUBA - JUBLLUOIIAUT
2Ly d (i) (c1) eeg {22) 91 ofjody eoedS 0] esuodsey |ejQORW (91D
51540 ueOZOl0Id
- (3ZH) sso| Abieus ybiy yum
iefonu Aaeey jenpiaipu) jo
ieule] 51000 jeaibojoiq Apnis 0]
291 'd (i) -Uod WnuruNie pejeas Ajjeojiewien {2e) 21 ojjody I ¥OV1S0I8|StD
ic d (s) (02.) 89€ sowsoy ISBOA - [BAIANG i $LD
S1818WISOP 2JB7) 'Si8lew|sop
1epmod 47 "82IN0S 1SS8 18P0y
e2Inos 'PidIYS Jeey pielys jenedss swsuebioasow
-yoeq 'byod uoIS|NWe Jee|onu ue|d % |ewiuy KjeueA - wyby4
6Ll d (i) 'sbyod wuewunedxe ‘einsden {z9.} 1 iesoig Buung seinsodx3 uojleipey [€1D
{eqeowy) sseussejybieps Buunp
Sisusujosed exAwoied u|
eor d i) {2} se ewes {Z9.) 1| iesoig UGISIAI] JE|NYj67) PUE JEeONN 24D
"si0]SiWieyl peulejuod
sieqweyd eyl jo ¢ sejed
wniseubew uo PeINOW 6JeMm
slequweyd eyj eAlIXy 10
wnpeweied 'eqEOWE J8YlES eqeowy
Bulueiuoo suewyedwod sisueuijoied exAwoled jo
|W-G € Olul papIAIp yoee UIMOID) pue UOIILINN 8yl uo
g6 ‘d (i) siequeyd pZ Yyum byod 1dx3 (z9.) 11 1esoig SSBUSSB|IYDIOM JO S8l (11D
S3IINIHI4IH JHVYMAUVH G3INNVTd/NMOTd AN3INIY3IdX3 #

(ponunuo))) SWSTULFIOOIIA ¢

305



¢ ebed

SBX0Q 8ININD 'SeINUIW 2 10 | UIYIM

PeXij SEM BINMO BjOYM 8y} 1ey} Os 1IN0

peaxds ueyl eAllexly -yeeiq o} eejndwe

$SE|D el pesned 'JequIelW MaIJ € AQ pelelol

UOUM 'UOIUM 'SBjpulds oljjeiow |lewsS ¢

PaPNPU| XOq Yoe3 'sexoq einynd ul pede|d

ai1om sbeq eyl "Aiigeia 183 Bupppeyd

pue sbeq ey) Buipiem 1e))y ‘Suewuedxe

SO) eyl 10} padojeasp senbuyoe) eyl o)

buipiodoe (W 2°0 Jeynq eie|Apoded U| %SE

apAyepjelein|b) aanexy e jo (1 O£ yim

peily eendwe sse)b jews 2 pepnjoul

Beq yoe3 ‘wnipew einnd JO |W G9'0

yim Beq ouseid jjews e u| pedeid |82

UOE® PUE pele|Os| BIoM SUOISIAIP ¢ Jeyje

POUIBIQO $(|60 18)SIS IyDIe ey] BurIoP

kq peejosi eiem sjjeo snowebomneisod

‘Kep 01 ‘seueboiee i1010BQOIEY Yl PBSI

0L d {ei)

S18DEQ WNIPeWw MEIS B Ul POIBANIND §1i8)

{(s8.) 1-a qejededg

Wwewyuedx3 wnpeWeied ay|

610

ueluiedxe qejededs siy)

10} padojeaep Ajjepedse eiem s$3iUaI08|0

Jeyjidwe ey] "sie|dwe buzbip jo

sueaw AqQ pezibip eiem epoip eyl jo sjeu

-Bis enNDO{EUE 6] PUEIIS € O SUORIRIIU0D

eipel ey} jo uonessibel 10} 1e|NOC 8us Ul

epoip-0104d ey} jo uoneibBIul eyl pailiwied

pue Buiweess Nnys ey} iejsibel o)

Sli8ssed Wjl) WW-g} pauiejuao edodsol

wnjeydedkjod wniesiyd

-5lw 8y] "xoqeAoib woeioig 8yl v pejunow

pinoy ews ey) Ul bujweeng

ss d {21)

8q pIN00 18y 8000S00IL WD)} peubiseq

(8] 1-Q qejededs

§d010i4 PUE JNOIABYSg UONDEIIU0D

8 |

SIONIHIATH

IHVMAHVYH

QG3INNVId/NMOTd

JUELIEL)LE]

(papnjouo))) swsIueSIO0INA "¢

306



ATTACHMENT C

CELL RESEARCH HARDWARE/FACILITIES
(FLOWN/PLANNED/EXISTING)

1. Cell Research Flight Hardware

2. Groundbased NASA Facilities
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